Shunt resistance of cells in photovoltaic modules can affect module power output and could indicate flawed manufacturing processes and reliability problems. We describe a two-terminal diagnostic method to directly measure the shunt resistance of individual cells in a series-connected module non-intrusively, without deencapsulation. Peak power efficiency vs. light intensity was measured on a 12-cel1, series-connected, single crystalline module having relatively high cell shunt resistances. The module WEIS remeasured with 0 . 5 , 1-, and 2-ohm resistors attached across each cell to simulate shunt resistances of several emerging technologies. Peak power efficiencies decreased dramatically at lower light levels. Using the PSpice circuit simulator, we verified that cell shunt and series re!;istances can indeed be responsible for the observed peak power efficiency vs. intensity behavior. We discuss the effect of basic cell diode parameters, i.e., shunt iresistance, series resistance, and recombination losses, on PV module performance as a function of light intensity.
BACKGIROUND
The continuing search for new materials and change in manufacturing processes to reduce cost and improve photovoltaic module performance requires a complete set of techniques for measuring and forecasting the performance of such devices. Energy rating methods now being considered to rate module output take into account module performance at low light levels [l-51. Such a rating is far more useful for predlicting module performance throughout the day than the commonly used maximum power efficiency or peak power for a module under standard test conditions (1 kW/m2, 25 C, AM15 global spectrum) alone. Low shunt resistance, Rsh, reduces peak power efficiency when illumination levels fall below 1 kW/m2. When intensity leve!ls fall, as on cloudy days or when the sun is lower in the !Sky, low cell Rsh becomes an increasing concern.
Acquiring absolute Rsh values for individual Cells iS important for: (i) Qualification testing -cell-by-cell values for Rsh , rather than the gross module output, lets us know which cell(s) is degrading module performance after fabrication or qualification or other accelerated stress tests; (ii) Module performance testing -Rsh allows us to define the light intensity at which each cell will stop contributing to the module output; (iii) Failure analysisRsh of each cell measured non-intrusively in a failed module. De-encapsulation will alter cell properties, If a cell has very low shunt conductance, i.e., high shunt resistance, the slope of the light current-voltage (I-V) curve through zero-bias, qV, will be determined by the voltage-dependent carrier collection efficiency, i.e., recombination. Electrical shunts caused by manufacturing flaws such as scribe line errors, material deposition problems, or mechanical handling contribute to an increased shunt conductance in the dark, ash. If a cell has high shunt current, qv will be dominated by the effect of these shunt currents. It is important to know whether 01. v is controlled by recombination or by electrical shunts, because these are entirely different physical mechanisms.
If qv is controlled by recombination, cell peak-power efficiency will increase with a reduction in light intensity. If qv is controlled by electrical shunts, cell peak-power efficiency will fall with a reduction in light intensity [lO] .
The Rsh of a series-connected module can easily be measured between manufacturing steps by contacting individual cells. However, after a module is encapsulated, we can measure Rsh of individual cells only by methods such as our new two-terminal technique [9] . This twoterminal diagnostic method allows one to directly measure Rsh of the individual cells within a series-connected module non-intrusively, without de-encapsulation. Being a phase-sensitive, lock-in technique, individual-cell Rsh values are measured over a wide range, from a fraction of an ohm to thousands of ohms. This method has been used on amorphous Si, crystalline Si, CdTe, and CulnSe2-based modules, some with as few as 8 cells in series, but usually with 28 to 118 cells. "Two-terminal values" are more accurate for cells that have lower shunt resistance, i.e., the "problem" cells. Cells with visual defects may be a significant problem if they provide a substantial shunt path.
We also show that knowing Rsh allows us to accurately predict the performance of a series-connected module as a function of light intensity. We study the peak power performance of a 12-cel1, series-connected, monocrystalline Si module before and after connecting shunt resistors (0.5-2 ohms) across each cell. These low R s h values can be the result of new emerging technologies, processing flaws, or the result of a module undergoing stress testing. These modules, as well as the 12-cell test module, show losses in the experimentally observed peak-power module efficiencies vs. light intensity, which can be explained by low Rsh values. Due to manufacturer sensitivity to public release of such data, we can only present data for our 12-cell test module. 25th PVSC; May 13-17, 1996; Washington, D.C.
TWO-TERMINAL TECHNIQUE
We now describe our method to measure the individual-cell shunt resistances in finished two-terminal, series-connected modules [I 01 . Figure 1 shows the twoterminal measurement equipment configured with a seriesconnected module having N cells. The procedure is as follows: (1) Set up a circuit consisting of a 1-10-Hz lowfrequency AC voltage source (signal generator), a DC voltage source, and an operational amplifier connected to a phase-sensitive lock-in amplifier. (2) Calibrate the system by connecting a 1000-ohm resistor in place of the module and adjusting the AC voltage (approx. 2-5 mV) to get a reading of 1 mV on the lock-in amplifier output. (3) Reconnect the module and adjust the DC voltage so that the module is biased to the open-circuit voltage, Voc, for the light conditions under which the module will be tested (sunlight through a window-about 30 mW/cm2-is adequate). connected to a pv module. The system is calibrated by inserting a 1 000-ohm resistor in place of the module and adjusting the AC signal generator so that a 1-mV output is achieved from the lock-in amplifier. 4. Measurement setup for peak-power efficiency constructed using sheets of drafting film (Herculene), which was placed over the sample to provide different illumination levels. Changing the number of sheets from 18 down to none, allows us to measure performance at 9%, 15%, 25%, 35%, 50%, 75%, and 100 % of 1 -sun (1 Yo error).
We chose to connect shunt resistors having values of 0.5, 1, and 2 ohms across each cell in this study because we have observed these values on cells in modules under development. These values of resistance were placed across each cell to demonstrate the values of cell shunt resistance that might be found for real cells made with emerging technologies. Half-ohm shunt resistors were placed across each cell in the string, and the modified module was remeasured as before. The above procedure was then repeated with 1-and 2-ohm shunt resistors. These cell shunt resistance values are typical of the range of values found for the 100-to 1 50-cm2 cells in seriesconnected modules from emerging technologies. A and a diode quality factor, n = 1.7, despite the fact that there was a low-voltage range where n = 2.08 and a high-voltage range where n = 1.2. The intrinsic 12-cell Si module data shown by the top data points and solid lines in Fig. 5 are to be compared to the calculated dashed line that approximately follows the same points. The fit was obtained with only o n e adjustable parameter-the short-circuit current, I , , , is set to 2.3 A. Using the actual Is, of 2.05 A produced poorer fits.
Next, using PSpice, we calculated the artificially shunted module peak-power efficiencies using the same fixed parameters as determined above, except that Rsh values were set to 2, 1, and 0.5 ohms/cell to match the three shunt situations seen in Fig. 5 . The excellent agreement allows us to make firm conclusions about the effect of Rsh on the energy output, and allows us to confirm or predict the impact that cell shunt resistance will have on module performance using PSpice calculations.
The effect that shunts have on module performance when illumination levels fall below 1 kW/m2 is striking. A shunt path in a cell only carries so much current. A cell with a shunt path may work at very high light levels, but as light intensity is reduced, such as on cloudy days or during daylight hours when the sun is lower in the sky, the shunt path will carry some or all of the cell's photocurrent away from the intended load. Hence, the energy rating of a module with high cell shunt current will be lower than expected from the standard efficiency usually reported under AMI .5 global illumination conditions. If no shunts were present, there would be no losses in efficiency as light intensity drops. If only recombination losses or series-resistance losses were present, module efficiency would increase as the light intensity decreases.
In general, both types of losses occur, and qv is determined by shunt and recombination losses; the mixed case will yield losses in both high-and low-intensity regimes. The impact of these losses on module energy ratings is clear. Modules having identical AMI .5 global I-V curves can have very different energy ratings. In the first case, where (31-v is determined by shunt losses, the energy rating will be substantially lower (due to the poorer performance at lower light levels) than in the second case, where 01-v is determined by recombination losses. Hence, cell shunt resistances within a module are important parameters to measure.
We have demonstrated an accurate method to measure individual shunt resistances while the seriesconnected module is still intact. This non-intrusive technique is useful for qualification testing, failure analysis, and module performance characterization.
Measurement and calculation show how a cell's shunt resistance diminishes the module power output capacity under operational conditions where light levels are reduced, as they are in real-world conditions. Shunt losses are contrasted with recombination losses with regard to the impact on a module's energy rating. Cell shunt resistances within a module are important parameters that need attention.
